A high-power sub-50 fs diode-pumped Yb:CALGO laser oscillator is demonstrated. The peak power achieved for 45 fs pulses directly from the oscillator was 1.7 MW. To the best of our knowledge, this is the highest peak power in the sub-50 fs pulse regime that has ever been produced directly from any diode-pumped Yb-ion-doped laser oscillator to date. The shortest generated pulses were 38 fs long with 187 kW of peak power.
A high-power sub-50 fs diode-pumped Yb:CALGO laser oscillator is demonstrated. The peak power achieved for 45 fs pulses directly from the oscillator was 1.7 MW. To the best of our knowledge, this is the highest peak power in the sub-50 fs pulse regime that has ever been produced directly from any diode-pumped Yb-ion-doped laser oscillator to date. The shortest generated pulses were 38 fs long with 187 kW of peak power. Diode-pumped ultrafast lasers that can produce high peak powers are cost-effective and efficient tools for various applications in research and industry. For example, mode-locked Yb-doped bulk lasers are widely used in efficient optical frequency conversion [1] [2] [3] [4] , Raman spectroscopy [5] , and nonlinear microscopy [6, 7] . In this context, Yb 3 -doped CaGdAlO 4 (CALGO) crystal is a good candidate for high peak power ultrashort pulse generation because of its broad gain bandwidth (∼80 nm) and high thermal conductivity (6.9 Wm −1 K −1 ) [8, 9] . So far, the shortest pulses achieved from Yb:CALGO were 32 fs [8] . However, the peak power was only 29 kW and the laser used a high-quality fiber laser pumping that is complex and not cost-effective. Similar pulse duration of 33 fs was achieved from Yb:CALYO crystal with diode pumping [10] . The peak power was only 11 kW in that case.
Currently, there are only a few reports that attained high peak power (>100 kW) operation in the sub-100 fs regime. One way to produce such pulses is to use thin-disk geometry [11] [12] [13] . In the case of bulk crystals, Zhao and Major [14] and Greborio et al. [15] managed to generate 85 and 94 fs pulses with ≥ 1 MW of peak power using Yb:KGW and Yb:CALGO crystals, respectively. In this Letter, we demonstrate, to the best of our knowledge, the highest peak power ever achieved for any sub-50 fs diode-pumped Yb-doped lasers to date by exploiting the advantages of the Yb:CALGO crystal, efficient diode pumping, and the dual action of the Kerr-lens mode locking (KLM) and semiconductor saturable absorber mirror mode locking (SESAM). While KLM and SESAM are well-known techniques to generate ultrashort pulses on their own [8, [10] [11] [12] 16, 17] , their combination offers the benefits of operation with both high output power and short pulse duration [14, [18] [19] [20] . As a result, the developed Yb:CALGO laser directly produced 45 fs long pulses with 1.7 MW of peak power. The shortest pulses achieved in the experiment were 38 fs with a lower peak power of 187 kW.
The gain medium was a 5 mm long a-cut Yb 3 (2%)-doped CALGO crystal (Castech) that was anti-reflection coated to reduce the intracavity losses. It was pumped at 979 nm with a fiber-coupled diode laser (0.12 NA, 105 μm core diameter, M 2 ∼ 20, IPG Photonics). The pump radiation was unpolarized. The crystal was wrapped in indium foil of 125 μm thickness and was water cooled at a rate of 700 cm 3 ∕ min. The pump beam was imaged into the gain medium with the help of 50 and 75 mm focal length lenses, resulting in a spot size radius of about 85 μm. Figure 1 shows the laser cavity designed for mode locking (ML) based on the dual action of a Kerr-lens and saturable absorber (KLAS) mode locking [14, [19] [20] [21] . The radius of the laser mode in the gain medium was controlled by changing the distance (TR) from 255 to 275 mm. A SESAM with modulation depth of 1.4% (1.1% of non-saturable loss, 1 ps relaxation time, Batop) initiated the ML process which was accompanied by a soft-aperture KLM [14] . The latter was facilitated by the relatively high nonlinear refractive index of Yb:CALGO (n 2 9 × 10 −20 m 2 ∕W 2 ) [22, 23] . In order to control the fluence on SESAM and to avoid its damage, a telescopic mirror arrangement (TM1-TM2) was used. The cavity design also took into account the effect of thermal lensing [24] . The total length of the cavity was about 3.56 m which corresponds to a repetition rate of 42.3 MHz. The beam spot size on the SESAM was ∼600 μm in diameter. The experiments were conducted using 2.5%, 5%, 10%, and 15% output couplers (OCs). The pulse duration was measured using an intensity autocorrelator (Femtochrome FR-103 XL) with a 100 μm thick BBO crystal to avoid pulse width distortion. To make sure that the laser was working in a single-pulse regime, the autocorrelator was scanned over the entire range of 200 ps. The time ranges longer than 200 ps were monitored using an oscilloscope and a fast photodiode (∼100 ps combined resolution). The spectrum was obtained using a high-resolution (0.07 nm) spectrometer (Anritsu MS9710B). In all cases, intracavity group delay dispersion (GDD) compensation was achieved using only chirped mirrors, and no extracavity pulse compression was employed. A combination of chirped mirrors with discrete values of −100, 250, 550, and −1300 fs 2 (Layertec) was used for this purpose. Other highly reflecting mirrors in the cavity were designed to exhibit low dispersion in the laser wavelength range (Laseroptik).
Initially, the laser was tested in a continuous-wave regime (CW). The best result in the CW regime was obtained using 10% OC. In this case, a highly reflecting mirror was used in place of the SESAM. For an input pump power of 20.4 W, the crystal absorbed 16.7 W under non-lasing conditions. The CW output power was 7.2 W. The introduction of the SESAM into the cavity led to the self-starting ML with ∼200-300 fs long pulses. The pulse duration was optimized by fine tuning of the cavity mode size with respect to the pump (i.e., soft-aperture KLM strength) by varying the distance TR (see Fig. 1 ), negative intracavity GDD, and the OC values. Depending on the values of these parameters, we could observe the regimes of Q-switched ML, multi-pulsing, the generation of dispersive waves, as well as stable ML with various pulse durations.
The highest average output power of 3.25 W was achieved with 45 fs pulses using a 15% OC and −1900 fs 2 of negative dispersion per round-trip (see Fig. 2 ). This corresponds to a pulse energy of 77 nJ and a peak power of 1.7 MW. The time-bandwidth product was calculated to be 0.369, indicating that the pulses were almost transform limited. The intracavity peak power and pulse energy for a 15% OC was about 11.3 MW and 0.5 μJ, respectively. The output laser beam quality factor was measured to be M 2 1.3 (see the inset of Fig. 1 ). The radio frequency (RF) spectrum of the fundamental harmonic had a signal-to-noise power ratio of about −43.1 dBc, as shown in Fig. 3 , and confirmed stable ML regime without Q-switching instabilities. Multi-pulsing was a major challenge in the ML process and was readily detected by the autocorrelator or fast oscilloscope. Multi-pulsing could be avoided by adjusting the pump power, the spot size on the SESAM, or optimizing the negative intracavity dispersion.
In an attempt to achieve the shortest pulses, a 2.5% OC was employed, in combination with a lower value of round-trip dispersion of −1700 fs 2 . The average output power dropped to 300 mW, and the measured pulse duration was 38 fs [ Fig. 2(a) ]. This corresponds to a pulse energy of 7 nJ and a peak power of 187 kW. The spectrum was about 40.8 nm wide [see Fig. 2(b) ], resulting in the time-bandwidth product of 0.416. A red shift of the central wavelength with respect to the 15% OC result can be explained by the quasi-three-level nature of the gain [25] . Dispersive pulse broadening due to the OC was estimated to be less than 5 fs. The intracavity peak power and pulse energy for a 2.5% OC was about 7.48 MW and 0.28 μJ, respectively. To the best of our knowledge, these are some of the shortest pulses that were generated directly from the diode-pumped Yb:CALGO lasers to date and, at the same time, the most powerful in the sub-40 fs regime. Recently, Pirzio et al. reported 36 fs pulses with a relatively low peak power of 3 kW [26] . The 40 fs pulses reported in [27] were obtained only after extracavity compression starting from the 70 fs pulses emitted by the laser oscillator.
The other OCs that were tested with the laser were 5% and 10%. For a 5% OC, as expected, shorter pulses were generated by reducing the negative dispersion, as shown in Fig. 4 . The 5% OC resulted in 39 fs pulses with 485 kW of peak power, and a 10% OC produced 43 fs pulses with 880 kW. The pulse energies for 5% and 10% OCs were 19 and 38 nJ (0.8 and 1.6 W of average output power), respectively. The pulses were highly stable and easily reproducible. 
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The summary of results in Fig. 5 shows that the pulse duration scales with the OC transmission as a result of a more flat gain at lower OC values [25] . The pump power was reduced for lower OC values to prevent damage of the SESAM because of high intracavity peak power. In the future, higher peak powers can be achieved by increasing the spot size on the SESAM and in the gain medium, extending the cavity and increasing the OC transmission.
Our results are compared with other Yb-doped lasers in Fig. 6 . Both thin-disk lasers (TDLs) and bulk lasers, as well as diode-pumped (DP) and non-diode-pumped lasers were considered. It can be seen that there are no other lasers that work in the sub-50 fs with more than 1.5 MW of peak power. The major competition is from the TDL. The TDL has the advantage of better thermal management; however, it has a complex pumping system design and requires higher pump power [11, 13] .
One of the ways to highlight the efficiency of this laser is to calculate the ratio of peak power with respect to the incident pump power. This pump-to-peak power efficiency η p−p can be calculated as
and can be thought of as the optical-to-optical efficiency η opt−opt normalized with respect to the pulse duration and repetition rate. In this expression, the P peak and P pump are the peak power and average incident pump power, respectively, and τ p and f rep are the pulse duration and repetition rate. Therefore, the pump-to-peak power efficiency shows how many kilowatts of peak power are generated per 1 W of incident pump power. In the scope of this Letter, the peak power was defined as the ratio of pulse energy to the pulse duration [30] . A comparison of this parameter is shown in Fig. 6(b) . It is worthwhile to reiterate that in this Letter an incident diode pump power of just 20.4 W was capable of producing 1.7 MW of peak power directly from the laser oscillator.
In conclusion, a high peak power diode-pumped bulk laser oscillator in the sub-50 fs category was demonstrated. The peak power of 1.7 MW was produced using 15% OC with 45 fs long pulses. Slightly shorter, 38 fs long pulses, with 187 kW of peak power and 39 fs with 485 kW of peak power were also generated. Such sources are very attractive for nonlinear frequency conversion and spectroscopy [31] [32] [33] [34] . We believe that with careful optimization of an intracavity dispersion profile even shorter pulses can be generated directly from the [8, 11, 15] , Yb:Lu 2 O 3 [13] , Yb:CaF 2 [28, 29] , Yb:KGW [14, 20] , Yb:YAG [12] . The solid points represent the TDLs, and the hollow points are bulk gain media. (b) Comparison of pump-to-peak power efficiency with other Yb-doped laser oscillators in the sub-100 fs regime.
diode-pumped Yb:CALGO lasers [8, 35] . Taking into account that the current record of high peak power pulses in the sub-100 fs soliton ML regime belongs to Ti:sapphire and is 3.5 MW [30] , further peak power scaling of our design should still be possible.
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